


A LOL'-PFXSSJRE-L.OSS SHORT A F " E ~ U R I ~  F3R 
n 

EEA- L!WL TRRU.9 AVG!43TJTATIOI'? Ls 
5: 
b i  

H 
c3 0 

By Carl C .  CieplL;ch, Wallsce W. Velie, and Richard R .  %r i ey :<S  
:=' 
>j 2 /7/7':/ - -  

I -' 
YJtMARY 

An i nves t iga t i cn  of t h e  problems assaciated wLth t h e  design i.f a 
low-pressure-loss , s h o r t  af terburner  f o r  sea-level t h r u s t  augF.e!Itstion 
was conducted i n  a s t a t i c ,  sea-level tcsi, stiind using t h e  p k r e r  secticfi 
of 3 5970-pound-thrast, axial-fiqsr turbo je t  engine. 

LO A 117 innerboifiy d i f f u s e r  t h  tur'sine-di s charge f l o w -  st rai  ghteni ne 
vanes i n s t a l l e d  had the lowest pressure losc  of any of t h e  dtffcscr.; 
icvest igated,  
by f a i r i n g  ( f l a t t e n i n g )  t h e  afterburner fcel-spray %irs, which uere lo- 
cated i n  the higk Mach number, turbhe-discharge flo;i. 

"'tie tail-pipe pressure loss wzs r2duced 1 pe rcexzge  po in t  

The tq t s l -p re s su re  l o s s  of 2 28-spray-bar, shcrt-afterbui-qe- Csiifi 5- 
Iiration vas 5.5 percezt  of the turbine-dischzrgz pressare,  ; rh ich  - a s  ap- 
proximctely eqaai t o  tte loss of t'le s t a n d s r i  engine tzil "Jp. Sect;*ise 
t h e  t a i l - p i p  pressure l o s s  of the short  af terburner  var. sbou: equal tc. 
thet of t h e  standard engine t a i l  pipe, the  nonafterburning s g e c i f i c  fuel 
cons.imption a2 t he  engine equipped wit5 a shGrt af terbgrner  rould be e q u d  
t o  t h z t  of the standard non3fterburning engine. 

The 29-sgray-bar, short-af terburner  con2gurat ion h3d a penk com- 
bustion eff.i.cicnc;r of 3.95 at an  over-al l  f'uel-ei;- x t i o  of C.c145. 
i m u m  ttxust augnentation of 1.44 kzs cbtained w i t k  this s h x t  zftprburner . 

Max- 

T'NTHODUCTIOY 

Long-range turbo jet bomber and t ransport  a i r c r a f t  m ~ y  req.i;lre some 
The tyriiccl  a2fter- means of t h r u s t  boos t  o r  augmentation f o r  take-off', 

burner augmenter usually adds t o  the  nonkfterburning-engine prcsr,ure 
l m s e s  and thereby reduces e i r c r z f t . c r c i s i n g  range. A program is L k X r e f L r ?  
being conducted a t  th? KACA Lewis ltiboratory t c  in-Jestigate the pnblerns 
associated with t h e  design of low-pressure-loss, l ight-weight cf terhurners  
f o r  t h i s  a p p l i c a t i m .  The length of t he  af terburner  was a r b i t r a r i l y  
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1 
l i m i t e d  t o  tha+ dt* ttie s+.andard engine  t a i l  pipe japprosimately 4- f t ) .  2 
As a r e z . s i t  of the  l imi t ed  length Lvailabie f o r  the af terburner ,  both t h e  
r f i e rbu rne r -d i f fuse r  and combuctim-chamber i e n e h s  haa t o  be c o x i d e r a b i y  
s h o r t e r  than those usua l ly  used i n  af terburners .  

I n i t i d  ;thases of the  program are reported i n  references 1 an6 2, 
which present  t h e  performance 2 several  s h o r t  annular biffusers and the  
af terburning p e r f o z z x e  of several  s h o r t  af terburners ,  respect ively.  
Although a maximum t h r u s t  augmentation of 1.33 was obtained with one 
short-af terburner  configuration described i n  reference 2, t he  s p e c i f i c  CD 
f u e l  consmption during nonafterburning ( c r u i s e  condition) was 3 percent to 
higher than tha t  of t h e  s t n n h r d  engine becasse of the increased pressure 
loss 12 the  short-af terburner  t a i l  pipe. 

Tae purpose of t h e  invest igat ion reported herein was t o  extend the  
fiiffuser work of reference 1 i n  an attempt t o  decrease a f t e rbu rne r  pres- 
s u r e  losses and t o  improve upon the t h r u s t  augmentation obtained by t h e  
short 2fterburners  i n  reference 2. 

Afterburner p re s su re  loss and over-al l  performance were obtained i n  
a s t a t i c ,  sea-level tes t  stand with t h e  engine operating near rated con- 
d i t i o n s .  The nonsfterburning total-pressure l o s s e s  of both diffuser con- 
f i g u r a t i o n s  and a f t e rbu rne r  components were obtained. Afterburning per- 
formarce d a t a  were obtained over a range of f u e l - a i r  r a t i o s  at approxi- 
m t e l y  r a t e d  engine conditions.  

MPARATUS 

Engine and I c s t a l l a t i o n  

-..The engine ased f o r  t h e  invest igat ion was 8 production-model t u r b o j e t  
engine wi th  a 5 m i n u t e F r n m t a r y  th rus t  r a t i n g  of 5970 pounds a t  7950 rpm 
and an e%aust-gas temperature of 1275' F at s ta t ic ,  sea- level  conditions.  
A cross-sect ional  view of t h e  engine with a t y p i c a l  short-af terburner  t a i l  
pipecins$al led is  shown i n  f i g u r e  1. 

Thwengine wds mounted i n  a s t a t i c ,  sea-l?vel t es t  s tand as i l l u s t r a -  
ted 'by t h s  schematic diagram i n  figure '2. Engine t h r u s t  was t ransmit ted 
' to  and measured with a null-type,  balanced-air-pressure diaphragm. 
diaphragm-type seal was used t d  isolate the sound-muffling exhaust cham- 
ber  from t h e  *est c e l l .  
a can-type combust.iox, preheater.  
calibrated air-measaring nozzle i n  t h e  a tmoqheric-air  in le t .  l i n e  and 
by a f l a t - p l a t e  o r i f i c e  in t?ie preheater l i n e .  

A 

Engine-inlet a i r  temperature was control led with 
Tne engins a i r  flow was measured by ci 
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Short-Afterburner Components 

The afterburner covponents \:sed during t t i s  inves t iga t ion  a r e  s h o m  
i n  figures 3 t o  5. 

u s e d  
cons 

Afterburner s h e l l .  - A s ing le  af terburner  ou te r - she l l  contour was 
througnout t he  inves t ig s t ion  and i s  shown i n  f i g u r e  3(a). An 8-inch, 

tant-area, annular sect ion was added t o  the t a i l  pipe downstream of 
the  turbine t o  accommodate the instrumentation t h a t  w a s  used t o  izsasure 
turbine-discharge t o t a l  pressure ahead zf t h e  d i f f u s e r  illlet. A I - i n c t  
spool section w a s  added j u s t  ahead of t he  exhaust nozzle t o  faci1i ta t .e  
measuring exhaust-nozzle-inlet t o t a l  pressure.  The over-al l  length of 
t h e  afterburner (from the cliffuser inlet  t o  the end of t h e  exhaust nozzle) 
was 57.6 inches. 
sect ion downstream of the tu rb ine .  Also included i n  figure 3 f a r  compar- 
ison i s  an  18-inch ccinical innerbody d i f f u s e r  and t a i l - p i p e  assembly t h a t  
was used during the  invest igat ion of reference 1 and t h e  standard engine 
tsil pipe.  

m.is length does n c t  include t h e  8-inch constant-area 

Innerbodies. - The three ccjnical fnnerbodies show i n  f i g u r e  4(a)  
10 0 were used during the  invest igat ion.  The 117 and 15 innerbodies --ere 

approximately 18 inches i n  l e n g t h ,  and t h e  20' innerb&j- vrjr a22roxi- 
mately 12 inches i;l length.  

Turbice-discharge flow-straightening vanes. - Two types of turbine- 

One type,  r e f e r r e d  t o  as the  sheet-metal 
discharge flow- st raightening vanes wcre investigated; t h e  physical d e t a i l s  
of each are shown i n  f i g u r e  4 (b ) .  
straightening vanes, w a s  qimilar t o  t h a t  designed i n  reference 1. These 
straightening vanes vere simple, sheet-metal, constant-curvature vanes 
o r i g i n a l l y  constructed i n  two parts ( t o  correct  varying amunt s  of whirl  
across t h e  passage). 
t h e  outei. s h e l l  ( r e f .  i) was not used during t h i s  invest igat ion;  only tne 
p a r t  t h a t  was mounted from t ie  imerbody was used. 
eqxally spcced around the  circumference of t h e  d i f f u s e r  i n l e t  a t  t he  lo-  
cation shown I n  f igu re  3(a). 

Howcver, t he  p a r t  of the vane t h a t  was mounted on 

There were 37 vanes 

The other type or' vane, r e fe r r ed  t o  as t h e  c a s t  s t ra ightening vane, 
was designed 3;: the engine manufacturer f o r  an af terburning model of t h e  
engine Lsed during this invest igat ion.  
snd were twisted t u  co r rec t  f o r  t he  varying amount of turbine-discharge 
whirl. The vanes hed a 2-inch cord. They were mounted, equal ly  spaced, 
on the outer s h e l l  ht the  d i f fuse r  i n l e t  and did nct extend t o  the inner- 
body (fig. 3(a)) .  

Tilese vanes were c a s t  i n  one piece 

A t o t a l  of 59 of these vanes was w e * .  

3 
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Fcel-injection systems. - Afterburner performance data were obtained 
with two d i f f e ren t  fuel- inject ion syztems. One system corlsirted of 2 3  
rodnd spray bars equplly spaced around t he  circurmeren2e of t he  a f t e r -  
burner wi th  f i v e  o r i f i ce s  per bar  i n j ec t ing  f u e l  upstream. 
system comis t ed  of 1 E  f a i r e d  spray bars equally spaced arcund t h e  c i r -  
cumference of t he  afterburner with ten o r i f i c e s  per  ba r  ( f i v e  o r i f i c e s  
per side, Jiametr ical ly  opposite each other)  i n j e c t i n g  f u e l  normal t o  
t r l c  i'low. A comparison of t h e  p r o f i l e s  a t  t h e  round and f a i r e d  spray 
bars is shosm i n  figure 5 [b ) .  
i n  oi.der t o  prevent res t . r ic t ing  the fue l  flow t o  tne last o r i f i c e s .  The 
spray-bar fue l  orifices were located r a J i a l l y  i n  t h e  following manner : 
"he annular flow passage a t  the fue l - in j ec t inc  piane was divided i n t o  
six equal ann!ilar areas,  and t h e  orif'icec were posit ioned i n  the  spray 
bars  a t  a poi?:% coinciding w5tn the  cccter  of each of t h e  annular-area 
increments except %lie one nearest  t h e  af terburner  s h e l l .  The f u e l -  
in ject ior!  cdray bars  were located j u s t  behind t h e  s t r a igh ten ing  vanes, 
qproximately 5.25 inches downstream of Yfi~ d i f f u s e r  inlet .  Spray-bar 
f u e l  o r i f i c e s  were 0.041 inch i n  diameter. 

'%e other 

"he fa i r ed  spray bars were f a i r e d  gradually 

Flameholder. - The flameholder used during t h i s  i nves t iga t ion  is 
shown i n  f igure 5 ( c ) .  The flameholder, whish consisted of V o  V-gutter 
rings 0.75 i x h  i n  width, was mounted 1 inch downstream of t h e  d i f f u s e r  
innerbody. F1.amekolder blockage is  approximately 14 percent.  

Liner. - The af terburner  outer  s h e l l  was equipped with a perforated 
The l i n e r  liner-. C,(,a)] simiiar t o  t h e  one used i n  reference 2. 

was nlade of 1/1.6-inch Inconel sheet ,  and the re  was a 0.3-inch opening 
bet,ween t h e  l i n e r  and the  outer s h e l l  a t  t he  upstream end of t h e  l i n e r  
t o  capture turbine-3ischarge air f o r  coaling of t h e  ou te r  shell. 
perf s r a t ions  were 3/16- inch-diameter holes spaced s o  t h a t  t h e  centers  
were 1/2 inch apa r t .  

Liner 

Exhaust nozzles. - During nonaf terburning operation ( t a i l - p i p e  
pressure-loss invest igat ions) ,  R 20.5-inch-dfmeter nozzle with a t a b  
adjustment WBS used t o  obtain the  desired engine operat ing conditions. 
Conical exhaunt riozzles with e x i t  diameters of 24.25, 25.5, and 26.0 
inchej  were used t o  f>btsln afterburcfng perf omance. 

INSTRUMENTATIOiJ 

Exhaust-nozzle-exit a t a t i c  pressure was measured by s t a t i c  t a p s  lo- 
cated i n  the sound-mrffling exhms t  chamber. 
was assumed t o  be equal t o  t h e  t e s t - c e l l  s t a t i c  pressure.  
discharge t o t a l  pressure was measured near t h e  end of t h e  8-inch constant- 
a r e s  annular sect ion ahead of t h e  d i f fuse r  i n l e t .  

The engine- inlet  pressure 
The turbine- 

The locat:.on and amount of instrumentation used during the  inves t i -  
gat ion a r e  shown ir. figure 1. 
pressure p r o f i l e s  were neasared with a r a d i a l l y  movable, wedge-type probe, 

Diffuser-outlet  ( s t a t i o n  7 )  whirl  and s ta t ic -  
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which con;isted of a 7' wedge with a s t a t i c -p res su re  t a p  on each face .  
I n  order ',u measure t h e  d i f f u s e r - o u t l e t  whirl angle, t h e  probe was  posi- 
tioned r a d i a l l y  i n  t h e  flow passage and was ro t a t ed  on i t s  ax i s  u n t i l  
t he  pressure on ezch f ace  of t he  wedge w a s  equal; thc whir l  angle w a s  
then determined f rom t h e  pos i t i on  v f  the  probe and a previous calibr1:tigrl. 
??le stream s t a t i c  pressure k d s  obtained by fiveraging t h e  values t r o n  t h e  
wedge-face s t s t i c -p res su re  taps. 

Tne to ta l -pressme probes used t o  measure t o t a l  pressure a t  t h e  
turhintl discharge, d i f f u s e r  o u t l e t ,  and exhiiust-nozzle i n l e t  had d 30' 
i n t e r n a l  chanber. These probes were &ble t o  recover approximately 100 
percent of the ve loc i ty  .lead up t o  8n acgle of a t t ack  of approximately 
2 0 O .  
correc%ed t o  t r u e  stream values.  

Above a whirl angle cf 20° t he  total-p.-essure measurements were 

Primary-engine- combustor f u e l  flow was m3asured w i t ' ?  a c a l i b r a t e d  
rotameter, and a f t e rbu rne r  f u e l  flow was measured with a vmz-type elec- 
t r o n i c  flowmeter. 

All short-af terburner  performance da ta  were obtained a t  a n  engine 
speed of 7900 rpn;, a turbine-discharge temperature of 1240' F, and a n  
engine-inlet  temperatwe of 100' F. These engine operating conditions 
were s l i g h t l y  less than t h e  5-minute m i l i t a r y  r a t i n g s  and w e r e  used t o  
ensure longer engine life. 

The pressure l o s s  cf the stmdard,  nonafterburning-engine t a i l  pipe 
was determined i n  order t c  prcvide a hasis f o r  comparison with the pres- 
sure  loss  of t he  f i n a l  zf terburning configurations.  During the  d i f f u s e r  
invest igat ion the  f u d - s p r a y  bars, flameholder, and l i n e r  were not i n -  
s t a l l e d .  The pressure l o s s e s  of these components were measured individ-  
u a l l y  while i n s t a l l e d  i n  t h e  diffuser configuration with the  b e s t  ove r -a l l  
performance. 

Afterburning perfomarice was obtained with three fixed-area conical  
nozzles which rpsulted i n  t h r e e  over-al l  engine f u e l - a i r  ratios a t  the 
specif ied engine o2erating conditions.  The af terburner  was  l ighted. by  
hot-streak ign i t i on  o r i g i n a t i n g  i n  one of the primary combustors. 

RESULTS AND IjISCUSSIONS 

Ciff'use:. Pressure Losses 

Effect of turbine-discharge flow-straightening vanes on d i f f u s e r  
gerformance. - Whirling f l o w  often e x i s t s  a t  the turbine discharge of 
tu rbo je t  engines. The effect of various amounts of whirl  on t h e  per- 
f o m n c e  of annular diffusers with constant-diameter outer s h e l l s  and 

-- 
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convcrding innerbodies is  reported i n  references 3 t o  5. 
(short-af terburner  diff 'user tests)  whirling flow up t o  an angle of 29" 
was encountered a t  t h e  turbine discharge. 
thz use =I turbine= dischzrgp flow-strsightenlng vanes resi~lted i n  a 
marked decrease i n  over-al l  d i f fuse r  pressure loss. Consequently, the  
f i rs t  s t e p  i n  the reduction of afterburner pressure loss was the elim- 
inat ion of turbine-discharge whirl. 

I n  reference 1 

Reduction of t h i s  whirl with 

The e f f e c t  of t h e  c a s t  s t ra ightening vanes on d i f fuse r -ou t l e t  w h q r l  
and v e l o c i t y  p r o f i l e s  i s  shown i n  figtire 6. Whirl w a s  most severe neer 
t h e  inner3ody ( f i g .  6 ( a ) )  with a whirl angle of approximately 40' ex i s t -  
i ng  a t  the innerbody w a l l .  The large whirl  angle near the innerbody was 
a result of the amplification of turbine-discharge whir l  necessary t o  
maintain constant,  streamline,  angular momentum. By i n s t a l l i n g  t h e  c a s t  
s t r a igh ten ing  vanes a t  t he  turbine discharge, the d i f fuse r -ou t l e t  over- 
all whjr l  was e f f e c t i v e l y  reduced, although a region of high whir l  re- 
mained near the innerbody. 
was caused by the f a c t  t h a t  t h e  cast  s t ra ightening vanes did not extend 
t o  the innerbody ( f i g .  6(a)). The reduction i n  ove r -a l l  whir l  with t h e  
use Qf the Straightening vanes resulted i n  a decrease i n  t a i l - p i p e  pres- 
sure loss ( r a t i o  of l o s s  i n  t o t a l  pressure between tu rb ine  discharge and 
exhaust-nozzle i n l e t  t o  turbine-discharge t o t a l  pressure)  from 0.056 t o  
0.034. 

mis region of high w h i r l  near t!-e fiiier3ody 

The ve loc i ty  p r o f i l e s  (fig. 6(b))  #ere determined from the  r a t i o  of 
l o c a l  s t a t i c  t o  t o t a l  pressure by using one-dimensional f l o v  r e l a t i o n s .  
Total-pressure measurem:nts, which were obtained with a f ixed  rake, were 
corrected t o  t r u e  stream values vhen necessary, and, therefore ,  t h e  cal-  
culated v e l o c i t i e s  presented are t rue  stream values. 
of the d i f fuse r  with the  cask s t ra ightening vanes vas r e l a t i v e l y  uniform 
compared with the  p r o f i l e  of a d i f fuse r  without s t r a igh ten ing  vanes. 

The ve loc i ty  p r o f i k  

A comparison of d i f fuse r -ou t l e t  w h i r l  and v e l o c i t y  p r o f i l e s  f o r  
both types of s t ra ightening vanes with the ilia di f fuser  i s  shown i n  
f i g u r e  7. 
vanes appeared more e f f e c t i v e  i n  reducing over-all  whirl .  They also 
provided a more uniform ve loc i ty  d i s t  ibut ion a t  the  d i f f u s e r  o u t l e t .  
The t a i l - p i p e  pyessure loss of the 11- 2 
vanes was 0.02: compared with 0.035 f o r  t he  sheet-metal s t r a i g h ' m i n g  
vanes. 
and t h e  more uniform dqf'ffuser-outlet veloci ty  p r o f i l e  obtained with t h e  
c a s t  s'.raightenind vaneb, these straightening vanes were used f o r  the 
r ema indc  cf t h e  invest igat ion.  

2 
Except i n  the  region of t he  innerbody, t he  c a s t  s t ra ightening 

€0 
diffuser with c a s t  s t ra ightening 

I n  view of t h e  more e f f ec t ive  reduction i n  t a i l - p i p e  p r e s s w e  lose 

Effec t  of diffusion rate. - Diffuser configurations with three dlf- 
were f erent  d i f fus ion  ratefi ,  all employing t h e  cod, s t r a igh ten ing  varies _ _ _  

i nves t iga t ed  t o  determine t h e  effect  of db.  
fuser performance. The va r i a t ion  of diffuser area with length r a t i o  f o r  
t h e  t h r e e  diffusers invest igated is shown i n  f i g u r e  8; also shown i s  t h e  

.t-ion rate on over-al l  d i f -  

4 
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area variation of an 18-inch conical innerbody diffuser, which had the 
lcwest pressure loss of the diffueerc investigated in reference 1. It 
should be noted in figure 8 that each of the diffusers investigated hsrl 
a different area expansion ratlo lip to the end of the innerbody; there- 
fore, the diffusers had varying amounts of sudden expansion losses. 
However, the maximum variation in projected area at the end of the inner- 
body, fo r  the innerbodies investigated, is on ly  7.5 percent of the final 
diffuser area. 

The bar graph in figure 9 illustrates the tail-pipe pressure L s s  
obtained with the 11;" 
conical innerbody diffuser uf reference 1. 
a tzil-pipe pxessure-loss ratio of 0.027, had %he lcvest pressure loss  
and the lowest diffusion rate of the configurations investigated. The 

fuser was only 0.307, compared with an increase of 0.049 for the 20' dif- 
fuser over that of the 15 diffuser. The pressure l o s s  of  the do dif- 
fuser was less than one-half the pressure l o s s  of the 18-inch ccnical 
imerbody diffuser or' reference 1. Part; of this improvement is attributed 
to improved straightening vanes and the remainder to the decrease in over- 
all diffusion rate befort the end of the inneFbody. 

1 5 C ,  and 200 diffusers and also with the 18-inch 
The 12" diffuser, which had 

2 

2 '  

increase in pressure loss of the 15O diffuser over that of the 1 L  10 d i f -  
2 

0 
2 

The diffuser-outlet vel.ocity profiles for the do, lSO, and 20' 

diffusers are shown in figure 10. 
gradient with velocities over 1000 feet per second existing near the outer 
wall. 
pro f i l e  were made 4 inches downstream of the innerbody of the 20' di f -  
puser (see sketch in fig. lo), the f l o v  appears to be separated before 
the end of the innerSody. This flow separation from the innerbody RC- 

counts for theolarge inrrreaso in pessure loss of the 20' diffuser over 
that of t h e  15 diffuser. 

2 
The 20' diffuser has a severe velocity 

Even though the pressure measurements used to obtain the velocity 

Afterburner Pressure Losses 

The pressure losses of the afterburning components f spray bars, 
flameholder, and liner) are presented in figure U. The component pres- 
8ure loss  was deffcef ;re the ratio of the increase in loss of total pree- 
sure betbeen tiirbine discharge and exhaust-nozzle inlet to turbine- 
discharge total pressure, resulting from the addition of each individual 
component. Fuel system:, with both 28 and 16 spray bars were used for 
afterburning. The pressure loss of 28 round spray bars, located 5.25 
inches downstream of the diffuser inlet, was 0.013. 
Mach numbers in exce66 of 0.5 existed in the region of fuel injection, 
the 28 spray bars were flattened or fhired (fig. 5 )  In an attempt t o  

Because l o c a l  flow 
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mduce t,he pressure l o s s .  
the pressme l o s s  was r d a c e d  from 0.013 t o  0.903. 
of 1C faired spray hars vas approximately 0.031. 

ceot f o r  the diffuser ,  t he  fiarnehol5er pressc;.e loss wcs t h e  h!.ghest of 
t he  af terburner  component pressure losses .  

As a r e s u l t  of f a i r i n g  the 28 spray ba r s ,  
!The p e s s u r e  l o s s  

Flameholder an& 
acsustic-l:Li2i p r c a u u r  * c .L"G.CiS.J 1 ..rCOC uere c).o1!? snd 0.006, reepettively. Ex- 

The o v e r - a 3  pressure l o s s  of short-afterburner configurat ions com- 
1 

posed of the 11- d i f f u s e r  with 59 c a s t  s t ra ightening vanes, 28 f a i r e d  2 
s ~ r a y  bars ,  a flameholder, and a l i n e r  uas 5.5 p e x e n t  of t h e  t u r b i n e -  
discharge t o t a l  Fressure, vhich i s  about 3 percentage po in t s  lower than 
t k e  s h o r t  af terburner  of reference 2. Thc prcseure loss of t h e  standard- 
engine ta i l  pipe ( f i g .  ' q ( c ) )  was found t o  be 5.5 percent of t h e  t u r b i n e -  
discharge t o t a l  pressure; thus the pressure 10s: of t h e  shorl; afterbvrner 
i s  about equal t o  t h a t  of the standard engine t a i l  pipe. 

;If berSurner Feiformance 

Afterburning. - Two shcir t-afterhurner conf igu?at,i,?.i:;. which d i f f e r e d  
only i n  f u e l  systems, wert investigated.  The f i r s t  f u e l  tystern consisted 
of 28 round - p a y  bars  ic , 'cct ing fue l  upstream, and t h e  c.:onC! f u e l  system 
had 16 spray bars inject l f ig  +'el normal t o  t h e  flow. Af't.rburnc.r pcrform- 
ance data were not obthincd ,,h a f u e l  system composed c' 2% f e i r e d  spray 
h a m .  However, it was fe l t  that the combustion e f f i c i e l ;  ':. would cgt be 
appreciably different  from Y' i,t obtained w i t h  t he  2.1 r . ':. spray k c q .  
Eoth af terbcrners  used t h e  1 2 ~  e-iffuser with the  ca' '. . -aightening 
van2.s. Afterburner cDmLustioi pcrfmnar.ce data  WCT< ' .  '::1ined with t h r e e  
f'ixed-area conical nozzles. A s  & re.e:!.Zt, thra. f\ ' .. I ..1 fuel-ciir r a t i o s  
;rere obtLina'5le e t  an engine speed of ::XO rgm ar:: : turbine-discharge 
temperature of 124-0' F. 

10 

al 
t- o 
pr! 

Over-all af terburner  pxformance is  presenwd i n  f ' igxe  1 2  f o r  both 
I n  f i g u r e  U ( a )  afterb!irner-out;et temperature is shown ccnfiguratloca.  

as a function of ove r -a l l  fuel-air r a t i o  wi.ih 1: !it; of cons3ant combus- 
t1.on e f f i c i ency  superimposed. Afterburner-outlet temperature was cal-  
cultited from the  ineasuyed t h r u s t ,  mass flow, and exhaust-nozzle pressure 
r n t i o .  
m t u d  af terburner  temperature r i se  t o  Idea l  temperature rise. The ideal 
temperature r ise  was obtained from reference 6. 
f i c i ency  of 0.95 was obtained f o r  the 29-spray-bar ?onfiguration a t  a 
fml-a i r  r a t i o  of 0.045, as compared with 0.87 f o r  t h e  16-spray-bar con- 
f igu ra t ion  a t  a fdel-a!.? r a t i o  o f  0.042. The cuperior performance of 
t:7c ?.?-spray-bar configuration a t  higher f u e l - a i r - r r t i o  l e v e l s  was a rewilt 
of a more uniform circumferent ia l  fuel d i s t r i b u t i o n .  This c h a r a c t e r i s t i c  
is  also i l l u s t r a t e d  i n  reference 7 .  The combustiun e f f i c i e n c y  of  both 
af terburner  cmf igu ra t ions  decreased 15 t o  20 percentage po in t s  f o r  an 
increase i n  over-al l  fuel-air r a t i o  from 0.045 t o  0.070. This severe de- 
crease in combustion e f f i c i ency  approaching the stoichi,ometric f u e l - a i r  

A f t e r b u r n e r  conbustion e f f i c i ency  was defined as t h e  ratio of 

A peak combustion ef- 
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r a t i o  i c  Far t ia , l ly  a resul', of t h e  lean  region nezr the cu ter  s h e l l  p r o -  
vieed f c r  cooling the  a f t e rbu rne r  .hell and l i n e r .  
r a t i o s  t h i s  lean region causes t he  l o c a l  f - l e l - t i r  r a t i s  i n  t he  r ~ z i : , -  
der of t he  flow passage 'GO be r i c h e r  t h a n  s to ich iomet ' i c ,  conseqJently 
reducing conbcstion efficienc:r. 
4 of reference 2 i s  a l s o  included f o r  ccr.pe-:ison I n  f igu re  l ? ( a ) .  

A t  h i@ fuel-air 

Af'terL)urner pei,forzance f o r  cunf iguriition 

Tze variation of augmented t h r u s t  r , a t i o  w i t t  over -a l l  fuel-air  r a t i o  
far  t h e  two afterburner cocfigurations i s  shorn i n  f igure  IF(^). 
f i g u r e  a l s o  inclsdes an i d e a l  augmeoted-thrust-ratio curve, dhic'ri con- 
s i d e r s  t h e  monentum pressure lo s s  during heat a d d i t i c l  based on a bulk 
ve loc i ty  of approrimately 400 feet, per second. 
tion r a t i o  of 1.44 was obtained with t he  28-spray-bar configuraticn a t  
an over-al.1 f J e l - a i r  r a t i c  of O.CGi. Increaqing the  over -a i l  fuel-ai l ,  
r a t i o  above 0.061 f o r  both conf imra t ions  : ?suited i n  a decrease i n  aug- 
nen ted . th rus t  r G t i o  as a r e s u l t  cjf t he  severe dx*c~; i n  combustion e f f i c i e n -  
cy. 
bar configuration as compared with t h e  16-spray-bar configuration, t he  
augmented t h r x s t  r a t i o s  were 2 t o  5 percentage Doints higher. Dif'ferencec 
between t h e  idea l  a n d  a c t u a l  augmented-thrust-ratio curves r e r ; u l t d  from 
combustion inef f ic iency  and higher-than-estinated momentm p e s s u r e  lo s s .  
The actua; Tomentum pressure loss averaged 4 percentage points kizher 
than cal  cul.ations based on an a f t e rbu rne r - in l e t  bulk ve loc i ty .  T t e  nug- 
mented thrust, r a t i o  of a s h o r t  a f t e rbu rne r  with a f u e l  system ccrcposcd of 
38 f a i r e d  spray bars would be qpproximately 1 percent 3igher than f o r  t h e  
shor t  afterburnel, with 28 round sp r sy  bars  because the t a i l -p ipe  ~iress!.ire 
l o s s  i s  1 percent lower. 

 hi^ ' - 
A peak th rus t  augn:enta- 

As a r e s u l t  of  the  higher combustioli e f f i c i e n c i e s  of t he  20-spray- 

- 

Througtcut the  af terburning port ion of the icves t iga t ion ,  no ser isus  
outer-shel l  h n t  spots o r  evTdence of combustion screech was encoun%ered. 
Tie absence 0: af terburner  hot, spo ts  and screech i s  a t t r i b u t e d  t o  the  
perforated l i n e r .  No l i n e r  damage was noted during t h e  inveat igst , icn.  

Nonafterburning. - For epp l i ca t ion  of t h e  s h o r t  af terburner  t o  long- - 
range a i r c r a f t ,  t he  ncnafterburning performance of t h c  s: rt  af terburner  
i s  important from considerations qf engine f u e l  economy during cr!i ise 
f l i g h t  csnditione.  Although e n g i n e  crc;ise conditions were nct simulated 
during the invest.igation, t h e  nonafterburning Ferforqanye obtained i . 7  a 
close approximation of the  cruise,performunce. 3icce the  t h r u s t  of the  
engine i s  approximately prorjortional t o  the exhau-<:-nozzle t o t a l  pressure,  
t a i l -p ipe  pressure losses r e s u l t  i n  a reduction i n  t h r a s t  an(? ccnsequcntlg 
an increase i n  sper'ific f u e l  consumption. Because t h e  nonafterburning 
t a i l - p i p e  pressure loss  of the s h o r t  a f t e rbu rne r  with 28 fairea spray bays 
w96 approximately equal t o  t?st of the  st&: l s rd  nonafterburning enC?.ne, 
the  spec i f ic  f u e l  consumption of t h e  znginc equipped with a sho r t  af ter-  
burner would be approximately equal t o  t h a t  of t h e  s t a n d a r l  engine. 
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SLMGIRY Or' RESULTS 

The f o l l o r i n g  results were oLthined from an i n v e s t i g a t i o n  cf t he  
pr.>rlcns aTsocia?ed rsith the design of a low-pressure-loss, short after- 
brirner for sea-le-re1 t h i z i t  zugpentat im.  

It YEP f o x d  f iat turbine-dischey -c Tckirl r e s u l t e d  i n  s i z a b l e  d i f -  

An a f t e rbu rne r  dif- 
lo, blunt-end in- 

f u z e r  2Tes-ure 1o:;ses. 
?I s-d-straiphtening vanes a t  t h e  turbine discharge.  
fusor ccnsis t ing of e cy!indrical m t e r  s h e l l  

nerbody had a lgwer pressure loss than  e i t h e r  2 15' o r  20 , blunt-end in- 
rierbcdy d i f fuse r .  
a f t e r b w n e r  syrizy bars  *.as important in  short-af torburner  i n s t a l l a t iODs  
utere f u e l  spray bars are locate3 i n  high W.cli number, turbine-dj  scharge 
f l o w .  n e  pres: u r e  105s of 'LB round spray 'oars was reduce2 f r o i  0 . a 3  t o  
6.0G7 by f a i r i n g  ( f l a t t e n i n € )  these  spray bars. 
loss gf one of t k e  short-afterburner ccnfigurat ions was 0.055, which w a s  
a?proviaate!:r equai t:, t h a t  cif t h e  standard-engine ta i l  pipe.  

 the^ losses were reduced by t h e  add i t ion  of 

e 3 0 

Tk2 increase i n  t a i l -p ipe  pressure loss dile %o the 

"he t a i l - p i p e  pressure 

m-e peak aftertmner combustion e f f i c i ency  increased 13 percentage 
pc iz t s  by ckayging from a 16- Lo a 28-spray-bar f u e l  system. A peak 
roxkistion e f f i c i ency  @f 0.85 was obtained st a fuel-air ratio of 0.042 
!'cr t h e  sho r t  af terburner  with t h e  28-spray-bar f u e l  system. A maximum 
auwente3 t h r u s t  ratio of 1.G was obtained f o r  t h e  s h o r t - a f f e r h r n e r  
ccEfiguration u i t h  28 sprari bars  a t  a f u e l - a i r  r a t i o  of 0.C6i. The spe- 
cific f u e l  cxmmct ion  qf the engine e q u i p p 3  with a s h o r t  a f t e rbu rne r  
w h i l e  cperet ing a t  c ru i se  conditicns was expected t o  be equal  t o  t h a t  of 
tte s t anda rd  consfterburnlng engine because t h e  t a i l - p i p e  pressure losses 
 ere approximately equal. 
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Levis Fl igh t  Propulsion Laboratory 
Xational -4dvisorjr Cornittee for Aeronautics 

Clevelaiid, Ohiri, April 26, 1955 
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I-TTurSine-discharge flow-straightening vane 
f 

-discnaree neciition :naree neciition 

+" .*, - 6  .-d 
( a )  T-ypical afterburner oilter s h e l l  m c  

inner5:ody assem3lg for diffuser tests .  Turbine-di sct-cge 
-?l.ov- straightening 

I 

! I 

(b) lb-Inch conical innerhdy diffilser (ref .l) . 
I 

1. rSStrut 
I 

Figure 3. - Short aftorburner and standarh eygine t a i l  pipes.  
( A l l  dimensions in !nchcs.) 
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i n )  Icnerbodies. 

b s t  1-1 

(b) Flov-stralghtenlng vnne.. 

Flgura 4 .  - Innerbodies and turbine-dlscharga flow-rtraightan!na vmes.  
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!:!j ‘.‘aired c.nd round s p n y  bars. ( c  ) Flameholder. 

i F i : y e  ! . - Typical shcrt-afterburner assembly. ( A 1 1  dimensions in inches.) 
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(a )  Whirl  p r o f i i e s  a t  diffuser o u t l e t .  

Fibvre 6. - Effect of cost  s t r a i g h t e n i n g  vanes on diffuser-  
o u t l e t ,  w h i r l  and velocity prof i les  fo r  1S0 diffuser.  
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5 00 6CO . 700 800 
Velocity, f t / sec  

(L) Velocity prof i les  a t  d i f fuse r  o u t l e t .  

Figure 6. - Concluded. Effect of cas t  s t ra ighten ing  vanes 
on d i f fuser -out le t  whirl  and velocity prcflles for 15c 
i t i ' fuscr .  
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Flgurt. 7 .  - Comparison of d i f fuse r -ou t l ? t  whlr!. 
tlnd veloci ty  p m f i l e s  of 111' diffuser w i t h  
e i t h e r  sheet-metal o r  cast s t r a igh ten ing  vanes 
ins t a l  l e d  . 
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Veloci t.y, ft /s cc 

(b) Velocity profiles. 

700 800 

Figure 7. - Concluded. Comparison of d i f f w e r - o u t l e t  whirl 
an6 velocity pro f i l e s  of do d i f f u s e r  with either sheet- 2 
metal o r  c a s t  s t ra ighten ing  vanes i n s t a l l e d .  
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Figure  8. - Varibtion ,af diffuser area with length ratio. 1. 
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Figure 9 .  - Ccmpriscn o f  tail-pipe pressure 
i<;sjes of f . ; ~  diffusers. 
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Flameholder 

- 
p5 - p9 pressure loss, 

Figure 11. - Afterburner- componen ' pres- 
sure losses. 
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Over-all f u e l - a l r  ratio 

(a) Afterburner-mtl.et  tenperLture and c m b c s t i c n  effjci.enc:;. 

. -@.me 12. - Afterburner perfornanc-.  c .  
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